The brilliant cresyl blue (BCB) test is used in both basic biological research and assisted reproduction to identify oocytes likely to be developmentally competent. However, the underlying molecular mechanism targeted by the BCB test is still unclear. To explore this question, we first confirmed that BCBpositive porcine oocytes had higher rates of meiotic maturation, better rates of cleavage and development into blastocysts, and lower death rates. Subsequent single-cell transcriptome sequencing on porcine germinal vesicle (GV)-stage oocytes identified 155 genes that were significantly differentially expressed between BCB-negative and BCB-positive oocytes. These included genes such as cdc5l, ldha, spata22, rgs2, paip1, wee1b, and hsp27, which are enriched in functionally important signaling pathways including cell cycle regulation, oocyte meiosis, spliceosome formation, and nucleotide excision repair. In BCB-positive GV oocytes that additionally had a lower frequency of DNA double-strand breaks, the CDC5L protein was significantly more abundant. cdc5l/CDC5L inhibition by short interference (si)RNA or antibody microinjection significantly impaired porcine oocyte meiotic maturation and subsequent parthenote development. Taken together, our single-oocyte sequencing data point to a potential new role for CDC5L in porcine oocyte meiosis and early embryo development, and supports further analysis of this protein in the context of the BCB test.
Mammalian oocytes of better developmental competence are in high demand in both basic and applied research areas of assisted reproductive technology. However, oocyte maturation and development are orchestrated by a complex array of molecular and physiological events, from the differentiation of primordial germ cells into oogonia, to the early growth, meiotic resumption, and maturation of oocytes (1, 2) . Currently, in vitro manipulation and maturation of cumulus-oocyte complexes constitute the main channel to produce assisted reproductive technology-ready oocytes in mammals. To augment the developmental competence of oocytes cultured in vitro, a variety of techniques and methods have been pursued, such as the brilliant cresyl blue (BCB) 3 test, zona imaging, optimization of culture system, and screening of biomarkers (3, 4) .
The BCB staining test is capable of indicating the activity of glucose-6-phosphate dehydrogenase (G6PDH), an effective biomarker originally discovered for oocyte maturation (5, 6) , and for selecting oocytes with high developmental competence (7) (8) (9) (10) (11) . Oocytes discerned by BCB staining had different properties, such as abundance of maternal transcripts (9, (12) (13) (14) (15) (16) , mitochondrial numbers and function (17) (18) (19) , lipids content (19) , and total cell number and cell survival rates of blastocysts (4, 20) . In pigs, the BCB test also seems to be capable of predicting the outcomes of oocyte maturation (21-23), although some caution arises recently (24, 25) . Oocytes with better developmental competence could also be used to improve the success rate of production of transgenic pigs with the somatic cell nuclear transfer technique (26, 27) . However, the molecular mechanism underlying the effectiveness of BCB staining to distinguish competent and non-competent oocytes remains obscure.
Recently, rapid advancement of single cell biotechnology makes it possible to study oocyte and early embryo development in an unprecedented way (28 -33) . Application of single cell gene expression profiling demonstrates cellular heterogeneity in early embryo development (34) . In addition, simultaneous single cell genome and transcriptome sequencing assist in inferring chromosome crossover events in oocytes, screening embryos of better quality (35) , and building the gene regulatory framework for early embryo development (28, 29) .
Here, we employed the single-oocyte RNA-seq technique to provide molecular evidence underlying the effectiveness of BCB staining in selecting oocytes of better developmental competence. Genes vital to oocyte maturation and embryo development were found, and enriched in important molecular pathways, such as the cell cycle and spliceosome and nucleotide excision repair. Furthermore, the cell division cycle 5-like (cdc5l) gene was shown to be essential to porcine oocyte maturation and early embryo development.
Results

Porcine oocytes categorized by the BCB test
To explore the effectiveness of the BCB test in selecting oocytes of better maturation and developmental competence, we performed a large-scale experiment by staining a total of 4,790 immature porcine cumulus-oocyte complexes (COCs). We first tested to see if differences existed between two different controls, by comparing COCs incubated with the maturation medium (the normal group) and Dulbecco's phosphatebuffered saline (DPBS) (the BCB-control group) under the same culture conditions, respectively. Between these two control groups, neither the rates of meiotic maturation and death (Fig. S1 , A and B) nor the rates of parthenote cleavage and development to blastocyst (Fig. S1 , A and C) had significant differences. Therefore, we used only the BCB-control for all remaining experiments.
Ooplasms of 3,653 COCs (74.4%) were stained blue (BCBpositive), indicating low G6PDH activity, whereas the remaining 1,137 COCs (25.6%) were colorless (BCB-negative, of high G6PDH activity) (Fig. 1, A and B) . We examined the chromatin configuration of oocytes at germinal vesicle (GV) stage, which were classified by two different methods, as non-surrounded nucleolus (NSN) and surrounded nucleolus (SN) (36) , or as GV0 -GV4, respectively (37) (Fig. 1C) . Except that the percentage of GV4-type oocytes was significantly lower in the BCBpositive group, as compared with the BCB-control and BCBnegative groups (6.7 versus 19.0 and 19.1%; p Ͻ 0.01) (Fig. 1D) , no significant differences were found for other types of chromatin configurations.
During in vitro maturation (IVM), limited cumulus expansion was observed for the BCB-negative group, as compared with the BCB-control and BCB-positive groups ( Fig. 2A) . After IVM for 44 h, the death rate of the cumulus-denuded oocytes was significantly higher for the BCB-negative group than both BCB-positive and BCB-control groups (59.3 versus 7.8 and 18.3%; p Ͻ 0.001) (Fig. 2, A and B) . However, the maturation rate was significantly lower for the BCB-negative group, when compared with the BCB-control (52.3 versus 76.8%; p Ͻ 0.05) and BCB-positive (52.3 versus 76.5%; p Ͻ 0.05) groups (Fig. 2B) . Subsequent parthenogenetic activation of mature metaphase II (MII) oocytes showed that the BCB-positive group had significantly higher rates of embryo cleavage (87.1 versus 68.7%; p Ͻ 0.01) and blastocyst (59.7 versus 39.2%; p Ͻ 0.01) than the BCBnegative group (Fig. 2, C and D) . However, as for the average cell number per blastocyst, no significant difference existed (Fig. 2,  E and F) . Taken together, we confirmed that in pigs, BCB-positive oocytes have lower death rate, and higher rates of maturation and embryo development, indicating better oocyte quality and developmental competence.
Single oocyte RNA-seq
To understand the molecular mechanism underlying BCB's ability to discern oocytes with better quality and developmental competence, single cell transcriptome sequencing was performed on three BCB-negative and three BCB-positive cumulus-denuded GV oocytes, respectively. Standard Bioinformatics pipelines were employed to analyze generated short reads (Fig.  S2) . Mapping rates of short reads, and statistics on their distribution in the pig genome are summarized in Table S1 . Of more than 57 million clean reads produced, 63.81% (on average) can be mapped onto the pig reference genome. We obtained a relatively large number of sequence variations, such as single nucleotide polymorphisms, insertions and deletions, possibly due to breed differences between pig samples we used and the reference genome (a Duroc sow).
For each sequenced GV oocyte, global gene expression analyses helped to discover the top 10 most abundantly expressed genes, within which 7 genes were common to all 6 sampled oocytes, including dnmt1, ftl, dynll1, and zp3 (Table S2) . Between BCB-positive and BCB-negative oocytes, a total of 155 genes (44 down-regulated and 111 up-regulated in BCB-positive oocytes) were differentially expressed (with more than 2-fold changes, p Ͻ 0.05) ( Fig. 3A ; Table S3 ). We found genes 
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previously reported to be related to cell cycle, or potentially important for oocyte maturation and embryo development, such as cdc5l (38, 39), spata22 (40, 41) , rgs2 (42) , paip1 (43) , melk (44, 45) , wee1b (46) , and hsp27 (47) . Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis on differentially expressed genes (DEGs) identified a number of important pathways (Fig. 3 , B and C; Table 1 ), such as cell cycle, oocyte meiosis, spliceosome, nucleotide excision repair, metabolic pathway, Janus kinase-signal transducers and activators of transcription pathway, mitogen-activated protein kinase pathway, and tight junction (Fig. S3 ). Alternative splicing (AS) analysis revealed that intron retention was the most frequent AS event for the largest number of genes (on average 2.99 events per gene), and 5Ј-UTR splicing was the most rare event (1.62 events per gene) (Fig. S4) . Moreover, no statistically significant differences existed for the four AS events (exon skipping, intron retention, 5Ј-UTR splicing, and 3Ј-UTR splicing), between BCB-negative and BCB-positive oocytes (p Ͼ 0.05).
Single cell transcriptome sequencing can help reveal cellular heterogeneity (34) . Several lines of evidence provided by single oocyte RNA-seq also discovered oocyte heterogeneity in the current study. First, correlation analyses on RNA-Seq data could not separate oocytes clearly into two groups (BCB-negative and BCB-positive) (Fig. S5A) . Even principal component analysis could only place BCB-negative samples relatively closer, but within the BCB-positive group, one oocyte (named as 15) was still positioned far away from the other two oocytes (named as 6 and 7) (Fig. S5B) . Second, for each oocyte sample, 
different numbers of novel transcripts with coding and noncoding potentials were found (Fig. S5C) . Next, a large number of genes were differentially expressed even for two samples within the same group, for example, sample 7 versus sample 15 in the same BCB-positive group (Fig. S5D) . Last, after pair-comparison of oocyte samples taken from BCB-negative and BCBpositive groups, 10,000s of common genes were found to be expressed, whereas more than 1000 genes were expressed specifically in only one group (Fig. S6, A-C) . Sample-specific gene expression analysis showed that for each oocyte, only a few 
genes were expressed specifically (Fig. S6D ). All these evidence point to the fact that sampled GV oocytes were of heterogeneous origins, even though they belong to the same BCB-negative or BCB-positive group.
CDC5L highly abundant in BCB-positive oocytes with less DNA double strand breaks
To validate DEGs discovered between BCB-positive and BCB-negative oocytes, cdc5l and 13 other DEGs were selected for RT-qPCR, profiled on pooled or single oocyte samples for the BCB-control, BCB-negative, and BCB-positive groups, respectively (Tables S4 -S6 ). However, no significant expression differences were found for any of these genes, regardless of pooled (Fig. 4A ) or single-oocytes ( Fig. 4B; Fig. S7 ). Examination on the subcellular localization by immunostaining showed that the CDC5L protein in porcine GV oocytes was present in both cytoplasm and nuclei areas, except for the nucleolus region (Fig. 4C ). Western blots validated significantly higher abundance of CDC5L in BCB-positive oocytes, than BCB-negative oocytes (Fig. 4D) .
Previously, CDC5L was discovered to participate in the formation of the pre-messenger RNA splicing complex, and regulate cell-cycle progression and DNA damage response (39, 48) . To see if CDC5L is involved in the nucleotide excision repair pathway as revealed by GO and KEGG enrichment analyses on our single-oocyte RNA-seq data, the ␥H2A.X level was examined by immunostaining, to see the incidence of DNA doublestrand breaks (DSBs). Indeed, the relative fluorescence level of the ␥H2A.X protein was significantly higher in the BCB-negative group, compared with the BCB-positive group (Fig. 4E) . Therefore, BCB-negative oocyte has less CDC5L protein, which possibly contributes to more frequently occurred DSB events.
CDC5L is essential for oocyte meiotic maturation and early embryo development
To investigate the role of CDC5L in porcine oocyte maturation, we performed depletion of CDC5L through microinjection of specific cdc5l siRNA and antibody into porcine-denuded GV oocytes followed by co-culture with cumulus cells for 44 h during IVM. We found that no significant differences for the maturation and development rates existed between porcine COCs and denuded GV oocytes co-cultured with cumulus cells (Fig. S8, A-C) . Interference efficiency of cdc5l siRNA after microinjection into GV oocytes was validated using RT-qPCR A, RT-qPCR to validate 14 genes (cdc5l, pigy, ldha, calml4, bub1␤, ccdc115, cep95, rgs2, wee1b, paip1, crnkl1, mgmt, ndufa12, and coq2) using pooled samples, which were selected from differential expressed genes identified by single-oocyte RNA-seq (details in Table S4 ). B, RT-qPCR using single-oocytes. The graphs presented the average relative expression levels of 9 single-oocytes (three replicates). C, immunostaining of the CDC5L protein, showing its localization in both the cytoplasm and nuclear area (except for nucleolus) of pig GV oocytes. Green, CDC5L; blue, DNA. After cdc5l siRNA or anti-CDC5L antibody injection into GV oocytes followed by IVM for 24 h, the GVBD rates were shown to decrease significantly in both CDC5L inhibition methods. The GVBD rate of the siCDC5L group was significantly lower than that in the NC injection group (54.2 versus 87.6%; p Ͻ 0.001) and the control group (54.2 versus 85.8%; p Ͻ 0.001) (Fig.  5C ). In parallel, the GVBD rate of the anti-CDC5L antibody group was also significantly lower than that in the IgG injection group (61.8 versus 84.5%; p Ͻ 0.001) and control group (61.8 versus 84.4%; p Ͻ 0.001) (Fig. 5E) . After IVM for 44 h, the percentage of MII oocytes decreased significantly by cdc5l siRNA injection, 46.2 versus 75.2% of the NC group (p Ͻ 0.001) and 77.5% of the control group (p Ͻ 0.001) (Fig. 5D) . The decreased maturation rate was caused by a significant increase of oocytes arrested at the GV stage (13.3 versus 2.9% of the control group; p Ͻ 0.01) and with chromosomal abnormality (23.7 versus 5.6% of the NC group; versus 5.1% of the control group; p Ͻ 0.001) (Fig. 5D ). In parallel, immunoinhibition of CDC5L also induced the lower maturation rate as compared with that in the IgG injection group (42.1 versus 75.0%; p Ͻ 0.001) and in the control group (42.1 versus 76.1%; p Ͻ 0.001), respectively (Fig. 5F ). It also caused a dramatic increase of oocytes arrested at the GV stage (12.2 versus 3.8% of the IgG group; p Ͻ 0.05), and also chromosomal abnormality, causing developmental block (17.9 versus 6.5% of the IgG group; versus 4.3% of the control group; p Ͻ 0.01) (Fig. 5F ). Collectively, these data demonstrate that CDC5L is important for porcine oocyte meiotic maturation.
To examine the importance of maternal CDC5L in early embryo development, we inhibited CDC5L by siRNA and antibody microinjection followed by parthenogenetic activation and embryo culture. First, microinjection of siRNA into GV oocytes induced a significant decrease of cdc5l/CDC5L at both mRNA and protein levels in mature oocytes (Fig. 5, A and B) . Further parthenogenetic activation of MII oocytes, in vitro matured from GV oocytes injected with siRNA, showed that the first mitotic cell cycle was delayed, by increasing the per- A, siCDC5L interfering efficiency by RT-qPCR. B, CDC5L immunostaining after siCDC5L microinjection. C, GVBD rates of oocytes after 24 h IVM were decreased after siCDC5L microinjection. D, cell cycle of oocytes after 44 h IVM was perturbed by siCDC5L microinjection. E, anti-CDC5L antibody injection into GV oocytes significantly decreased the GVBD rates of oocytes after 24 h IVM. F, anti-CDC5L antibody injected into GV oocyte-blocked meiotic resumption, induced abnormal chromatin, and decreased oocyte maturation to MII stage. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Scale bar, 50 m.
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centage of embryos arrested at the 1-cell stage (76.7 versus 61.0% of the NC group; p Ͻ 0.01; versus 58.5% of the control group; p Ͻ 0.01), and thus decreasing the percentage of 2-cell embryos (20 h post-activation) (23.3 versus 39.0% of the NC group; p Ͻ 0.01; versus 39.6% of the control group; p Ͻ 0.01) ( Table 2 ). Until later stages of the first (26 h post-activation) and second mitotic cell cycles (39 and 48 h post-activation), the 1-cell parthenote percentage was still higher, whereas 3-and 4-cell parthenote percentages were significantly lower than the control groups ( Table 2) . As a result, a significant decrease of overall cleavage rates (Ն2-cell) at 48 h post-activation was observed (51.8 versus 83.2% of the NC group; versus 86.4% of the control group; p Ͻ 0.001; Fig. 6, A and B) . In addition, the total blastocyst rates significantly decreased as compared with the NC group (day 6, 26.2 versus 41.2%; p Ͻ 0.01; day 7, 27.5% versus 43.2%; p Ͻ 0.01) and the control group (day 6, 26.2 versus 42.7%; p Ͻ 0.01; day 7, 27.5 versus 45.8%; p Ͻ 0.01) ( Table 3 ; Fig.  6, A and B) . However, the cell number per blastocyst (day 7) was not affected by CDC5L inhibition (Fig. 6, C and D) . Second, immunodepletion of cdc5l by microinjection of anti-CDC5L antibody into MII oocytes significantly increased the percentage of parthenotes arrested at the 1-cell stage, and thus decreased the percentage of 2-cell embryos (26 h post-activation), as compared with the IgG injection group (1-cell, 39.8 versus 26.2%; 2-cell, 38.0 versus 52.8%; p Ͻ 0.05) and the control group (2-cell, 38.0 versus 53.4%, p Ͻ 0.05) ( Table 4 ). After continuously tracking the second cycle of embryo division, we saw that a number of 4-cell embryos (39 h post-activation) were significantly lower in the anti-CDC5L antibody group in comparison to the IgG (12.9 versus 26.9%; p Ͻ 0.01) and control (12.9 versus 26.8%; p Ͻ 0.01) groups (Table 4) . As a result, a significant decrease of overall cleavage rates (Ն2-cell) at 48 h post-activation was observed (67.9 versus 84.2% of the IgG group; versus 85.7% of the control group; p Ͻ 0.001; Fig. 6 , E and F). When parthenotes in vitro were cultured for 5-7 days, the percentage of expanded blastocysts at days 5, 6, and 7 was significantly lower in the anti-CDC5L antibody group, as compared with the control (day 5, 10.9 versus 18.2%; day 6, 19.1 versus 33.7%; day 7, 20.0 versus 34.2%; p Ͻ 0.01) and the IgG (day 5, 10.9 versus 25.5%; day 6, 19.1 versus 37.5%; day 7, 20.0 versus 39.6%; p Ͻ 0.01) groups (Table 5) . Therefore, a significant decrease of total blastocyst rate at day 7 was observed for the anti-CDC5L antibody group (28.0 versus 50.8% of the IgG group; versus 47.4% of the control group; p Ͻ 0.001; Table 5 Taken together, our results indicate that CDC5L insufficiency in mature oocytes induced by both siRNA and antibody immunobinding could delay the progression of the first and second mitotic cell cycles of parthenotes, and thus affected the formation of blastocysts, suggesting that maternal CDC5L is vital for early embryo development in the pig.
Discussion
BCB test and oocyte quality
In reproductive biology, it is always a challenging task to select oocytes of better quality and developmental competence. In various animal species, the BCB test can color the cytoplasm of immature oocytes of low G6PDH activity in blue, indicating better maturation and developmental competence (4, 7, 20 -22) . Oocytes with better quality could also improve the production of transgenic pigs by somatic cell nuclear transfer techniques (26, 27) . Numerous studies tried to explain why the BCB test is effective in oocyte selection, such as abundance of maternal transcripts (12, 13) , mitochondrial number/function (18, 19) , and lipid content (19) . In line with previous reports (49, 50), we confirmed also that BCB-positive porcine oocytes have a higher maturation rate, better parthenote cleavage, and blastocyst rates.
In addition, chromatins of NSN-type oocytes are transcriptionally active, whereas SN-type oocytes are silent (36, 37) . In the present study the percentages of NSN-type and SN-type oocytes showed no obvious difference between BCB-negative and BCB-positive groups, indicating that the transcriptional activity may not link to the maturation ability. Although in the BCB-negative group, a higher percentage of oocytes with the GV4 configuration might indicate that more BCB-negative 
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oocytes are on the way toward atresia, as reported previously (37) .
Validation of DEGs and pathways
Single-cell high-throughput sequencing technology has been used to screen human embryos of better quality for transfer purpose (35) , profile the global gene expression, and build the transcriptomic landscape and gene regulatory framework of oocytes and early embryos in humans and mice (28, 29) . At the same time, it also has advantages in saving rare samples and revealing cellular heterogeneity (34) . In the current study, RTqPCR did not find any significance for transcript levels of 14 selected DEGs between BCB-positive and BCB-negative pooled and single-oocyte samples, suggesting that the RT-qPCR performed using both pooled and single-oocyte samples (different from the RNA-seq samples) might not be effective and sufficient to validate the single-oocyte RNA-seq results. Previous reports on single-oocyte/embryo/blasomere/embryonic stem cell RNA-sequencing did not perform the validation of their results using RT-qPCR (28, 29), or qPCR validation using the (48 h ) and blastocysts (168 h) after siCDC5L microinjection into oocytes at GV stages. Control, without microinjection; siCDC5L, cdc5l-specific siRNA group. B, total cleavage rates (Ն2 cells at 48 h) and blastocyst rates (day 7) of parthenotes after siRNA microinjection. C, representative images of cell number of blastocysts. D, average cell number per blastocyst. E, parthenotes (48 h) and blastocysts (168 h) after antibody microinjection. Control, without injection. F, total cleavage rates (Ն2 cells at 48 h) and blastocyst rates (day 7) of parthenotes after antibody microinjection. G, cell number and TUNEL signal of blastocysts at day 7 from control, oocytes injected with IgG and anti-CDC5L antibody. Green, TUNEL signal; blue, DNA. H, average cell number per blastocyst. I, percentages of apoptotic cells in blastocysts at day 7. *, p Ͻ 0.05 and ***, p Ͻ 0.001. Scale bar, 200 m.
Table 3
Blastocysts recorded at different time points after microinjection of siCDC5L into GV oocytes followed by maturation and parthenogenetic activation Control, without microinjection; NC, microinjected negative control; siCDC5L, microinjected cdc5l siRNAs.
a-b and A-B indicate significant differences at p Ͻ 0.05 and p Ͻ 0.01 levels within the same subcolumns, respectively. CDC5L vital for oocyte development same cDNA templates (amplified from the single cell) for RNAseq (51) . Alternatively, validation of findings at the protein level might be another approach, as reported in human blastocysts using immunofluorescence (52) . Therefore, combining different approaches to validate the obtained results is important in avoiding the impacts of technical variability and sources of stochastic gene expression coming from single cells. Using single-oocyte RNA-seq, we identified that the metabolic pathway is potentially involved in oocyte developmental competence. The BCB test can indicate the activity level of G6PDH, which reflects directly metabolic differences. Inherent metabolic differences can influence nuclear and cytoplasmic maturation of oocytes, which has been studied extensively (53) (54) (55) (56) . Apart from the metabolic pathway, several other signaling pathways were identified, such as cell cycle, oocyte meiosis, spliceosome, and nucleotide excision repair. How the metabolic pathway integrates with other signaling pathways, and exerts its effect on the developmental competence of oocytes, still awaits further investigation.
Group
CDC5L and oocyte maturation
CDC5L has been reported to play a vital role in multiple biological processes. First, as a splicing factor, CDC5L participates in the formation of the spliceosome complex together with multiple other proteins, and functions in pre-mRNA splicing (57) . In the present study, BCB-positive oocytes have a higher level of CDC5L protein than BCB-negative oocytes, consistent with the distribution of the transcript abundance detected by single-oocyte RNA-seq. These data indicate that the RNA-splicing role of CDC5L may be associated with the meiotic cell cycle progression of oocytes with different quality. However, as for AS events, no significant difference was found between BCB-negative and BCB-positive groups, although thousands of genes with different types of AS events were detected in each oocyte sample. Second, CDC5L was involved in DNA damage repair (48) , and depletion of CDC5L could induce DNA DSB damage in HeLa cells (39) . Our findings showed that the DSB incidence occurs more frequently (as revealed by ␥H2A.X immunostaining) in BCB-negative oocytes than in BCB-positive oocytes, which not only suggested that low CDC5L protein might cause more DNA DSB damages as observed in BCB-negative oocytes, but also explain the nucleotide excision repair pathway found by single-oocyte RNA-seq. Moreover, meiotic resumption of immature oocytes in humans (4) and mice (58) could be hindered by DNA DSB damage, therefore the DNA DSB damage induced partially by the low CDC5L level may help explain the lower maturation rate as observed in BCB-negative oocytes. Third, depletion of CDC5L causes a mitotic catastrophe of HeLa cells through induction of apoptosis (39) , and promotes apoptosis in human glioma cell lines (59) . Thus the low CDC5L-induced apoptosis might be one reason for the higher death rate in BCB-negative oocytes. Fourth, CDC5L protein has also been shown to regulate the G 2 /M transition of mitotic cell cycle, and deficiency of CDC5L caused mitotic arrest through induced kinetochore-microtubule CDC5L vital for oocyte development attachment defects and chromosome misalignment (39) . Our findings showed that depletion of CDC5L by both siRNA and antibody immunobinding in porcine GV oocytes dramatically inhibited the meiotic resumption at 24 h of IVM and the first polar body extrusion at 44 h of IVM through inducing sustained GV arrest and incidence of nuclear abnormality, suggesting that CDC5L is a vital meiotic regulator for GV/M transition. Moreover, depletion of the maternal CDC5L protein in porcine MII oocytes by siRNA microinjection into GV oocytes or anti-CDC5L antibody microinjection into MII oocytes impaired the first and second mitotic cell cycles of parthenote development, and the formation of blastocysts. Therefore, maternal CDC5L plays an essential regulatory role in porcine early embryo development.
Conclusions
Taken together, we confirmed that the BCB test could be used to select porcine immature oocytes with better maturation and developmental competence. Single-oocyte RNA-seq further profiled transcriptome of immature oocytes categorized by the BCB test, and identified 155 genes with significantly different abundances enriched in functionally important signaling pathways. CDC5L is confirmed to be essential to porcine oocyte maturation and early embryo development. Future studies are still needed to investigate the molecular roles of identified genes and pathways in the regulation of oocyte maturation and developmental competence.
Experimental procedures
Chemicals
All reagents used in this study were purchased from Sigma, unless stated otherwise.
Collection of COCs
Porcine ovaries from prepubertal gilts were collected at a local commercial slaughterhouse, as described previously (60) . Briefly, ovaries were transported to the laboratory within 3 h in a thermos bottle in physiological saline maintained at 30°C. Follicular fluids from 3-to 6-mm antral follicles were aspirated using an 18-gauge needle attached to a 10-ml disposable syringe. COCs with at least three layers of intact cumulus cells and uniform ooplasm were selected for further study.
Brilliant cresyl blue test and assessment of chromatin configuration
COCs were washed thoroughly in Hepes-buffered Tyrode medium containing 0.01% polyvinyl alcohol, and then subjected to the BCB test according to a previous protocol reported in pigs with some modifications (24) . Briefly, COCs were incubated in Dulbecco's PBS (DPBS) supplemented with 13 M BCB (BCB medium) for 90 min at 39°C in a humidified 5% CO 2 incubator. Then, COCs were washed twice in DPBS and assessed for BCB staining. Based on the staining intensity, COCs with blue ooplasm were classified as BCB-positive, whereas those with a colorless ooplasm were considered to be BCB-negative (Fig. 1A) (61) . To assess the chromatin configuration of pig oocytes at the GV stage stained by BCB, cumulus cells were separated from oocytes by gentle vortexing in 0.1% hyaluronidase in Hepes-buffered Tyrode medium containing 0.01% polyvinyl alcohol. Denuded oocytes were fixed in 4% paraformaldehyde in PBS, stained with 10 g/ml of Hoechst 33342 in PBS, and examined under a fluorescence microscope (Nikon 80i, Tokyo, Japan). Judging by the degree of chromatin condensation and the disappearance of nucleolus and nuclear membrane, the chromatin configurations of GV oocytes were classified into 5 different categories, GV0 -GV4 (62) . GV0 in pig oocytes was regarded as corresponding to the NSN configuration in mice and other species, whereas GV1-GV3 were designated as SN configuration (36, 37, 62) (Fig. 1C) .
In vitro maturation and parthenogenetic activation
Approximately 50 COCs were transferred into 500 l of maturation medium covered with mineral oil in a 24-well plate, and cultured in an incubator (39°C, 5% CO 2 , and saturated humid air) for 44 h (63). Then, the cumulus cells were detached from oocytes by gentle vortexing in 0.1% hyaluronidase. Under a stereomicroscope, live denuded oocytes with intact ooplasm membranes were picked out and death rates were calculated (number of died oocytes divided by total oocyte number ϫ 100%). Then, MII stage oocytes with the presence of the first polar body were picked out and maturation rates were calculated (number of MII oocytes divided by total live oocyte number ϫ 100%). To assess the oocyte nuclear status, live oocytes collected at 44 h of IVM were fixed, stained with 10 g/ml of Hoechst 33342 in PBS, and then observed under an inverted fluorescence microscope (Olympus, Tokyo, Japan). Stages of oocyte nuclei were classified as germinal vesicle (GV), prometaphase I (pro-MI), metaphase I (MI), anaphase I (AI), telophase I (TI), and MII, respectively (63) .
MII oocytes were parthenogenetically activated using a protocol as described previously (63) . Briefly, MII oocytes were stimulated with two direct current pulses of 1.2 kV/cm for 30 s using a Electrocell Manipulator (BTX830, USA) in a chamber covered with activation medium (0.28 M mannitol, 0.1 mM CaCl 2 ⅐2H 2 O, 0.1 mM MgCl 2 , 1 mg/ml of BSA, 0.5 mM Hepes). Then oocytes were incubated for 4 h in PZM-3 containing 2.5 mM 6-dimethylaminopurine and 5 g/ml of cytochalasin B in an incubator (39°C, 5% CO 2 and saturated humid air). Activated embryos were cultured in 500 l of PZM-3 medium covered with mineral oil for 7 days in an incubator (39°C, 5% CO 2 and saturated humid air). The rates of embryo cleaved and developed to blastocysts were evaluated at different time points post electrostimulation. The embryo rate at different stages was calculated using the number of embryos at different stages divided by the total number of parthenotes. The blastocyst rate was calculated using the number of blastocysts divided by the total number of parthenotes. Blastocysts at day 7 were fixed in 4% paraformaldehyde for 40 min at room temperature, permeabilized in 0.5% Triton X-100 for 2 h at room temperature, incubated in TUNEL reaction medium in dark for 1 h at room temperature (Vazyme Biotech Co., Nanjing, China), and stained using 10 g/ml of Hoechst 33342. Whole-mount blastocysts were examined under an inverted fluorescence microscope (Olympus, Tokyo, Japan) to determine the number of apoptotic nuclei and total nuclei.
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Single-oocyte RNA-seq BCB-negative and BCB-positive oocytes were denuded off cumulus cells by gentle vortexing in 0.1% hyaluronidase. Following four washes using DPBS containing 1% BSA, the zona pellucida of denuded oocytes was removed using Pronase (0.5% in DPBS). The zona pellucida-free oocytes were washed three times in DPBS containing 1% BSA, and then each single oocyte with a minimal amount of wash buffer (Ͻ0.5 l) was placed into 4.35 l of cell lysis buffer in a 0.2-ml tube using pulled glass pipette. The same volume of DPBS, 1% BSA wash buffer added into lysis buffer was used as the negative control to ensure the absence of contamination. The whole oocyte lysate of three BCB-negative (numbered as 1, 2, and 3) and three BCB-positive (6, 7, and 15) oocytes were directly submitted for amplification, and the sequencing libraries were prepared as described before (64). Briefly, the first-strand cDNA was synthesized from the whole oocyte lysate using the UP1 primer containing a 24-nt poly(dT) tail at the 3Ј end, which allowed all RNAs with poly(A) tails to be reversely transcribed. Then, the first-strand cDNA were amplified by PCR using hot start EX Taq and UP2 primer containing 24-nt poly(dT) at the 3Ј end to add a universal tail to the second-strand cDNA. Amplified cDNA were purified from gel and evaluated using Agilent's Bioanalyzer (Agilent Technologies). The prepared cDNAs were sheared into fragments, and used for preparation of deep sequencing libraries. All libraries were sequenced on an Illumina HiSeq 2000 instrument in a single lane.
Raw reads were processed into clean reads by removing low quality and adaptor containing reads. Then, clean reads were mapped onto the pig reference genome (Sscrofa10.2) by Burrows-Wheeler Aligner (BWA) (65) . After performing the assessment of sequence saturation and read distribution on reference genes, gene expression levels were calculated as FPKM by Tophat and Cufflinks (66) , using the number of reads uniquely mapped to the specific gene and the total number of uniquely mapped reads for each sample. DEGs were identified by RSEM (RNA-Seq by Expectation Maximization) (67) , and DAVID was used to enrich the GO biological process and KEGG pathways of DEGs (68) .
RT-qPCR
To validate the RNA-seq results using pooled or singleoocyte samples, denuded GV oocytes from different groups were treated with Pronase (0.5% in DPBS) to remove zona pellucida. After rinsing twice with DPBS, 30 pooled oocytes (3 replicates) were lysed directly using the Single Cell Lysis Kit (Ambion, Life Technologies) according to the manufacturer's recommendations and our previous description (60) , and single-oocytes (3 single-oocyte for each replicate, total 3 replicates) were lysed directly in 0.2% Triton X-100 with RNase inhibitor (69) . To validate siRNA knockdown efficiency, 20 pooled denuded oocytes were used to extract total RNA using a RNeasy mini kit (Qiagen, Shanghai, China). The lysates or total RNAs were then used for reverse transcription using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) in a 20-l system. Quantitative PCR was conducted in a 10-l reaction volume including 1 l of cDNA templates, primers, and Roche FastStart Universal SYBR Green master mix (Roche Molecular Systems), using a 7500 real-time PCR detection system (Applied Biosystems, Carlsbad, CA). Primers were designed by primer-blast (Table S6) . Thermal cycling parameters were set up as follows: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Transcripts were quantified in triplicate assays, and Actin was used as the reference gene. Relative abundance was calculated using the comparative C t (2 Ϫ⌬⌬Ct ) method (63) .
Western blot
Denuded GV oocytes (a total of 100) were pooled, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Western blot analysis was performed according to our previously reported method with some modifications (60) . Briefly, samples were lysed using SDS sample buffer, boiled for 4 min, separated on SDS-PAGE gel, and transferred onto nitrocellulose membrane. The membrane was blocked for 1 h in 5% low-fat milk, incubated overnight at 4°C in 0.5% low-fat milk with 1:2000 rabbit anti-CDC5L polyclonal antibody (A5560, ABclonal, Nanjing, China), and then 1 h at room temperature with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:10,000). Finally, membranes were processed using a chemiluminescence detection system. Detected bands of predicted size for CDC5L and tubulin (an internal control for normalization) were quantified using ImageJ software.
Immunocytochemistry staining
Denuded oocytes were fixed for 40 min at room temperature using 4% paraformaldehyde in PBS, permeabilized with 1% Triton X-100 overnight in PBS at 4°C, blocked with 1% BSA in PBS at room temperature for 1 h, then incubated in rabbit anti-CDC5L polyclonal antibody (1:50) overnight at 4°C. After washing three times in PBS supplemented with 0.01% Triton X-100 and 0.1% Tween 20 (PBST), oocytes were incubated in FITC-conjugated goat anti-rabbit IgG (HϩL) secondary antibody (1:150) for 1 h at room temperature. Following three washes, samples were stained with 10 g/ml of Hoechst 33342 at room temperature for 10 min and then mounted onto glass slides in ProLong Diamond Antifade Mountant reagent (Life Technologies). For ␥H2A.X immunostaining, oocytes were permeabilized in 1% Triton X-100 at room temperature for 30 min, blocked using 3% BSA, incubated in mouse anti-␥H2A.X antibody (1:1000, Abcam, Cambridge, UK) overnight at 4°C and FITC-conjugated goat anti-mouse IgG(HϩL) for 1 h. Samples incubated without the primary or secondary antibodies were treated as negative controls. Fluorescent images were taken under a laser-scanning confocal microscope (Leica, Germany) to assess the subcellular localization of proteins.
siRNA and antibody microinjection
siRNA targeting of the pig cdc5l gene was designed and synthesized by GenePharma Co. (Shanghai, China). The sense sequence of cdc5l siRNA was (5Ј-3Ј) GCUGCCCUCCAGAA-GAGAATT, and the antisense sequence was (5Ј-3Ј) UUCUC-UUCUGGAGGGCAGCTT. The sense sequence of negative control (NC) was (5Ј-3Ј) UUCUCCGAACGUGUCACGUTT and the antisense sequence was (5Ј-3Ј) ACGUGACACGUUC-
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GGAGAATT. Rabbit anti-CDC5L antibody and rabbit IgG protein were from ABclonal Co. (Nanjing, China). Microinjection of siRNA or antibody into porcine-denuded GV and MII stage oocytes was performed using the procedure as described previously (70) . Briefly, oocytes in the manipulation medium supplemented with 7.5 g/ml of cytochalasin B and 0.3% BSA were microinjected with ϳ10 pl of siRNA or antibody using sterile femtotips and the FemtoJet express microinjector (Eppendorf). The injection parameters were 200 hectopascal injection pressure, 100 hectopascal compensation pressure, and 0.3-s injection time. The same amount of siRNA NC or rabbit IgG protein was injected into oocytes as the control. After microinjection, denuded GV oocytes were co-cultured with cumulus cells in the maturation medium and MII oocytes were parthenogenetically activated.
Statistical analysis
Statistical analyses were performed in SPSS19 (SPSS Inc., Chicago, IL), and SAS9.1 (SAS Institute Inc., Cary, NC). Each experiment was repeated at least three times. The differences in the percentages of chromatin configuration, GVBD, nuclear status,maturation,death,embryocleavage,blastocysts,andapoptotic cells in blastocysts were compared using the -square test or Fisher's exact test followed by multiple comparisons with Bonferroni correction (SPSS19). One-way analysis of variance was used to analyze the data of cell number per blastocyst and protein levels detected by Western blots (SPSS19). Differences in gene expression detected by RT-qPCR were analyzed using the linear mixed model procedure (SAS9.1). Statistical differences were determined to be significant at p Ͻ 0.05, 0.01, and 0.001 levels. Data are displayed as mean Ϯ S.D. 
